We report simulation and fabrication of a grating coupler for coupling of light between an on-chip lithium niobate ridge waveguide and an optical fiber. A grating coupler with an insertion loss of less than 10 dB for C-band frequencies (1530-1565 nm) was achieved.
Introduction
Lithium Niobate is an important opto-electronic material with a variety of uses including higher frequency generation [1] - [4] , interferometers [5] - [8] , modulators [9] - [12] , optical amplifier [13] - [15] , switches [16] , [17] , etc. Lithium Niobate is a special ferroelectric material whose characteristics due to its unique crystal structure include Pyroelectric Effect, Piezoelectric and Converse Piezoelectric Effect, Birefringent Permittivity, Pockels Effect, Elasticity, Photo-elastic Effect, Bulk Photovoltaic Effect, and Photorefractive Effect [18] .
Lithium Niobate is one of the hardest materials to etch, which means that etching process imposes considerable constraints on the design parameters and especially on the process adopted for fabrication [19] , [20] , [21] . Moreover, fabricating an on-chip device adds further limitations on the process as care must be taken to save the layer of Silicon Dioxide from being etched. This rules out most of the wet etching techniques available in the literature [19] , [20] , [21] , which is usually employed for bulk material.
Vertical or near vertical coupling is a well-established method for coupling between optical fibre and submicron structures [23] , with techniques ranging from simple 1-D photonic crystals to full pledge 3-D photonic crystals [24] , [25] used to vertically couple light between optical fibre and nano-structures. The technique has also been employed for bulk Lithium Niobate systems as well [26] . On the other hand, there is no known report on such a structure for an on-chip Lithium Niobate with Silicon Dioxide substrate and Lithium Niobate handle wafer. The grating coupler would be useful for those situations where fiber-end coupling is not possible or feasible. This paper in Section 2 describes the simulation results, Section 3 delineates the process of fabrication of vertical coupler along with a ridge waveguide, Section 4 gives results and discussion of the achieved results, and Section 5 concludes the paper.
Simulating the Coupler
The design and optimization of the grating coupler was carried out in a Finite Difference Time Domain (FDTD). The design was set up using Silicon Dioxide as a substrate, with grating of Lithium Niobate on top of it. The 2-D set up of the simulation design is given in Fig. 1 .
The top layer of Lithium Niobate has a height of 500 nm in our case, while that of Silicon Dioxide is 3 µm. The design can tolerate up to 10°tilt of the fibre from the vertical 90°without any significant loss in coupling efficiency. The relationship between etch-depth, pitch, and diffraction angle is give in Fig. 2 . The optimized values for etching depth and Duty Cycle achieved after the optimization calculations are thus given in Table I . The coupling efficiency of the coupler, using the parameters given in Table I , was calculated for the entire C-band frequency spectrum and is given below in Fig. 4 . The efficiency of the designed coupler reaches as high as −4.58 dB for the wavelength of 1530 nm. This efficiency then experiences a smooth rolls-off, reaching at its lowest of approximately −16 dB at the far end of the spectrum, at the wavelength of 1600 nm. Fig. 4 further shows that within our desired range of 1530 nm to 1565 nm for C-band; the simulated coupling efficiency varies between −4.58 dB and −7.6 dB for the designed coupler. This is a fairly flat response for all the frequencies in the desired range.
Process of Fabrication
We used Lithium Niobate on Insulator (LNOI) substrate with a 450 nm thick layer of Lithium Niobate Thin Film (LNTF), buried layer of Silicon Dioxide with thickness of 1200 nm and a 0.5 mm thick Lithium Niobate handle wafer from NANOLN [27] . The fabrication process started with deposition of 20 nm thick titanium layer on top of the LNTF by the process of Electron Beam Evaporation (EBE). Layer of Titanium is added because of two reasons. First, Electron Beam resists have problem of adhesion on Lithium Niobate causing non-uniform layer of resist. This problem is eliminated by adding a layer of titanium on top of LNTF. Second, Lithium Niobate is a very bad conductor, which gives rise to the problem of connection error during Electron Beam Lithography (EBL) process. Titanium is a known good conductor, addition of which removes the connection error in EBL process. PMMA, a positive tone resist, was then spin coated at 4000 rpm in order to achieve a 270 nm thick layer of resist. After spin coating, it was post-baked at 170°C for 3 minutes. Electron Beam Lithography was performed on this wafer (with Vistec/EBPG5000plusES) in order to transfer the pattern on the wafer. The wafer retrieved from EBL process was then deposited with 80 nm thick Chromium using EBE in order to achieve a mask. After proper lift-off, the wafer was etched using Inductively Coupled Plasma (ICP) with A r + ion and SF 6 as etchants, for approximately 7 minutes. This produced a ridge waveguide 700 nm wide along with a grating coupler. Next step was removal of Residual Chromium mask that still had a thickness of 46 nm. In order to remove the mask, it was at first placed in Sulphuric Acid at 117°C for 15 minutes. The reaction of Sulphuric Acid with Chromium produces Chromium Sulphate, which is not soluble in water. Therefore, the sample was washed with Ethanol as Ethanol dissolves chromium sulphate leaving us with Lithium Niobate ridge waveguide and a coupler. The fabrication process flow is depicted in Fig. 5 .
Energy Dispersive Analysis X-Ray(EDAX) test was carried out on the sample after completion of fabrication process to check any residual Chromium or Titanium on the top surface and the test turned out to be negative. The output of EDAX test, given in Fig. 6 , shows different elements present in the sample with a spike. At the far right of this figure, there is a spike indicating presence of Boron. This actually is Lithium but as Lithium is a very light element and Boron is the lightest element that our machine can detect accurately, therefore, all of Lithium is either not detected or seen as Boron by the machine. The important thing here is that the test was carried out to check the presence of Titanium and Chromium. Both of these elements are sufficiently heavy to be detected by our EDAX machine, and would have been indicated by peaks at points indicated as "a" and "b" in Fig. 6 [28] , [29] . As no trace of both of these elements was found, it shows that we were successful in complete removal of all of residual Titanium and Chromium.
Results and Discussion
The fabrication process delineated above resulted in a waveguide with the height of 279.3 nm and width of 653.8 nm at the base. The Scanning Electron Microscope (SEM) images of cross-section and top-view of the waveguide are given in Fig. 7 . The spots on the sample are due to deposition of gold on our sample. As Lithium Niobate is a non-conductive material, gold is sputter on it to achieve conductivity and thus capture SEM images.
The design of the coupler given in Fig. 8 is important, as it was difficult to fabricate the traditional design of the coupler. The side arms were added to the coupler in order to overcome the difficulty in the retention of coupler fins which otherwise was faced at the stage of lift-off of chromium. This addition provided us with a nearly perfect coupler with negligible effect on coupling efficiency. The close-up of the coupler, given at the bottom of Fig. 8 , shows the shortcomings of the etching process. The figure below shows that achieved coupler could not retain the desired duty-cycle of 50%. Moreover, the fabrication process leaves rough sidewalls and area in between two gratings.
The resulting coupler was tested on a test bench with a tunable laser source with a wavelength range of 1530 nm to 1630 nm and an optical spectrum analyser. The transverse electric (TE) polarization was selected from the laser source using a polarizer. The TE polarization was then fed to the coupler at an angle of 10°from the normal. The resulting output was obtained on the spectrum analyser from the coupler, as well as directly from the laser source for the purpose of subsequent analysis. Fig. 9(a) shows the output obtained on the spectrum analyser directly from the source and through the coupler. As all couplers are inherently band pass filters, the fabricated coupler was no different. This pass band does corroborate with the C-band frequency spectrum of our desired design.
The graph in Fig. 9 (a) translates into coupling efficiency of a single couplers using simple arithmetic and is depicted in Fig. 9(b) . The coupling efficiency, given in Fig. 9(b) , attains maximum value of approximately −9.45 dB at wavelength of 1537 nm. This efficiency of the coupler rolls-off to approximately as low as −11 dB at the far end of the spectrum (1565 nm).
The coupling efficiency of the fabricated coupler is less than the simulated coupling efficiency (given in Fig. 4 ) because of inconsistency of the fabricated coupler dimensions with the simulated coupler. These inconsistencies were introduced due to limitations of the fabrication process and the equipment. Three design parameters of a coupler are of crucial importance in order to achieve designed coupling efficiency. These three parameters are; duty cycle, etch depth and period or pitch of the grating. Figs. 7 and 8 clearly show that although these parameters of the fabricated coupler are close to their designed values but are not close enough to attain exactly the designed coupling efficiency.
Although it is always desirable to match the experimental results with the simulated results, but imperfections in the fabrication process due to technological bottlenecks always imply that the experimental results will usually be less than the prediction from theoretical models and simulation results. These technological shortcomings played their part in our fabrication process and did limit our coupling efficiency below the simulated coupling efficiency by approximately 5 dB.
Conclusion
This paper has presented theoretical and experimental results on grating couplers for coupling light between standard single-mode fibers and on chip waveguides. The couplers were also fabricated in LNOI. These couplers are suitable for the testing of photonic integrated components and circuits on the lithium niobate platform. In future more complex coupler designs can be explored in order to improve the coupling efficiency of the coupler.
